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Abstract Diffusion behavior in the BCC Ti-Al-Zr ternary

alloys was experimentally investigated at 1273 K

(1000 �C) and 1473 K (1200 �C) by means of the diffu-

sion-couple technique. Upon the Whittle-Green and gen-

eralized Hall methods, the inter- and impurity diffusion

coefficients were respectively extracted from the compo-

sition profiles acquired by the electron microprobe analysis

(EPMA) and subsequently represented by the error func-

tion expansion. The extracted main interdiffusion coeffi-

cient ~DTi
AlAl increases with increasing the content of either

Al or Zr, and the increase is appearing more considerably

at the higher temperature. However, ~DTi
ZrZr was noticed to

decrease with the increase of Al and Zr contents at 1273 K

(1000 �C) while there is an upward trend at 1473 K

(1200 �C). The impurity diffusion coefficients of Al in Ti-

Zr binary alloys, D�
Al Ti�Zrð Þ, and of Zr in Ti-Al binary

alloys, D�
Zr Ti�Alð Þ, increase with increasing the Zr and Al

contents respectively. A comparison of average main

interdiffusion coefficient ~DTi
XX made among ten Ti-Al-X

ternary systems suggests that the Zr diffusion is most

comparable to Cr and could operate via a vacancy-con-

trolled mechanism.

Keywords generalized Hall method � impurity diffusion �
interdiffusion � Ti-Al-Zr BCC ternary alloys � Whittle-

Green method

1 Introduction

Titanium and its alloys have increasing applications in

aerospace, automotive and marine industries due to their

high specific strength, excellent mechanical properties and

good corrosion resistance.[1–3] Most commercial titanium

alloys are complex and multicomponent in nature. Repre-

sentative Ti alloys include Ti-6321,[4] Ti-7333,[5] Ti-

55531,[6] and Ti-B19,[7] etc., which are principally alloyed

with elements classified as a (HCP), b (BCC), or neutral

stabilizers. Thea stabilizing elementAl practically enhances

the tensile and the creep strength while it reduces the density,

whereas the neutral element Zr is typically used as solid-

solution strengthener to improve corrosion resistance, pro-

cessability, and weldability.[8,9] The knowledge-driven

optimization of the mechanical properties of complex tita-

nium alloys are essentially the control of intricate

microstructures through such processes and transformations

as recovery, recrystallization, grain growth, and precipita-

tion, all of which are more or less governed by the diffusion

phenomena. In fact, accurate diffusion properties also serve

as the fundamental kinetic data for mesoscale modeling of

microstructural evolution[10] and macroscale modeling of

solidification process.[11]

So far, the diffusion properties of BCC Ti-Al[12,13] and

Ti-Zr[14] binary alloys have received attention, however,

the diffusion in BCC Ti-Al-Zr ternary alloys has been yet

addressed. Therefore, the objectives of the present work are

to investigate the interdiffusion behaviors of BCC Ti-Al-Zr
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ternary alloys at 1273 K (1000 �C) and 1473 K (1200 �C),
and to extract the inter- and impurity ternary diffusion

coefficients, respectively.

2 Materials and Methods

2.1 Experimental Procedure

Fourteen binary and six ternary alloys were prepared from

99.9 wt.% sponge pure Ti, 99.99 wt.% Al and 99.9 wt.%

Zr pure granules by induction melting under an argon

atmosphere. The actual compositions of the alloys are lis-

ted in Table 1. All the compositions of the alloys were

designed to locate in the BCC phase region of Ti-Al-Zr

system at both 1273 K (1000 �C) and 1473 K (1200 �C)
according to the accepted phase diagrams.[15] The melting

was repeated six times to attain a homogeneous

composition.

The alloy ingots were then solid-solution treated under

vacuum in quartz tubes at 1473 K (1200 �C) for 10 h

followed by water quenching, which resulted in the alloys

with average grain size larger than 1 mm such that the

effect of grain boundary diffusion could be neglected.

Small rectangular blocks with a size 9 9 9 9 5 mm were

cut from the annealed ingots. One of the wide surfaces of

the blocks were polished to mirror-like quality. The well-

contacted diffusion couples were assembled with

appropriate pairs by diffusion-bonding under vacuum

(10-3Pa) at 1173 K (900 �C) for 4 h by using a stainless

steel bonding jig, during which tantalum foil was placed

between the couple and the jig to avoid the contamination.

The assembled diffusion couples were then capsuled into

quartz tubes, evacuated and back-flashed with argon,

annealed under predetermined conditions (refer to Table 1

for the temperatures and times of long-term interdiffusion

annealing), and quenched into cold water. The diffusion

couples were sectioned along the diffusion direction which

suffered no potential oxidation and evaporation of ele-

ments, and prepared by standard metallographic technique.

The microstructures of diffusion zone of the diffusion

couples were characterized by scanning electron micro-

scopy (SEM) and the local compositions along the diffu-

sion direction were analyzed by electron microprobe

analysis (EPMA, JEOL JAX-8230).

2.2 Extraction of Diffusion coefficients

Figure 1 presents the backscattered electron (BSE) image

of diffusion couple A7 at 1273 K (1000 �C) for 48 h and

the composition profiles of Al and Zr obtained by the

EPMA measurements. To avoid the point-to-point fluctu-

ation of the experimental data and the errors introduced

during the fitting or smoothing, the error function expan-

sion (ERFEX)[16–19] was used to represent the composition

profiles acquired by EPMA with analytical form:

Table 1 Actual terminal

compositions of Ti-Al-Zr

diffusion couples (at.%)

Temperature, K Diffusion time, h Diffusion couples Compositions, at.%

1273 48 A1 Ti-1Al/Ti-4.4Zr

A2 Ti-2.8Al/Ti-4.3Zr

A3 Ti-2.8Al/Ti-9.9Zr

A4 Ti-5.1Al/Ti-13.5Zr

A5 Ti-5.5Al/Ti-19.9Zr

A6 Ti-5.5Al/Ti-28.2Zr

A7 Ti/Ti-9.5Al-39.5Zr

A8 Ti/Ti-11.2Al-20.1Zr

A9 Ti-2.8Al/Ti-11.6Al-19.6Zr

1473 17 B1 Ti-2.6Al/Ti-4.3Zr

B2 Ti-5.2Al/Ti-4.4Zr

B3 Ti-5.2Al/Ti-8.7Zr

B4 Ti-8.8Al/Ti-12.9Zr

B5 Ti-14.2Al/Ti-19.9Zr

B6 Ti-19.5Al/Ti-28.7Zr

B7 Ti-14.8Al/Ti-38.4Zr

B8 Ti-19.5Al/Ti-38.4Zr

B9 Ti/Ti-9.7Al-36.3Zr

B10 Ti/Ti-12.3Al-19.2Zr

B11 Ti/Ti-14.5Al-11.4Zr
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x zð Þ ¼
X

i

aierf½biz� ci�; ðEq 1Þ

where x(z) represents the composition at the distance z, a,

b, and c are the adjustable parameters, and i is typically up

to 4 depending on the details of composition profiles of the

diffusion couple.

To avoid the need of locating the Matano plane in the

well-known Matano-Kirkaldy method,[20] that may intro-

duce a source of some uncertainty, the Whittle-Green (W-

G)[21] method was utilized to extract ternary interdiffusion

coefficients. The W-G method introduces a normalized

composition variable: Y ¼ x�xL
xR�xL

, where xL and xR represent

the compositions at the left and right ends, respectively.[22]

For the Ti-Al-Zr ternary system, Fick’s second law can be

expressed with the W-G method as:

1

2t

dz

dYAl

� �

z

1� YAlð Þ r
z

�1
YAldzþ YAl r

þ1

z

1� YAlð Þdz
� �

¼ ~DTi
AlAl þ ~DTi

AlZr

dxZr

dxAl
;

ðEq 2aÞ
1

2t

dz

dYZr

� �

z

1� YZrð Þ r
z

�1
YZrdzþ YZr r

þ1

z

1� YZrð Þdz
� �

¼ ~DTi
ZrZr þ ~DTi

ZrAl

dxAl

dxZr
;

ðEq 2bÞ

where ~DTi
AlAl and

~DTi
ZrZr are the main interdiffusion coeffi-

cients, ~DTi
AlZr and

~DTi
ZrAl are the cross ones, respectively. All

four interdiffusion coefficients can be obtained by simul-

taneously solving a set of four equations of Eq 2a and 2b

resulting from one pair of diffusion couples whose diffu-

sion paths intersect at a common composition.

The impurity diffusion coefficients of Al in BCC Ti-Zr

and Zr in BCC Ti-Al binary alloys were computed from

composition profiles of the A1-A6 and B1-B6 couples by

using the generalized Hall method.[23] Similar to its binary

protocol, the profiles were first transformed to a plot of l
versus k, wherein l ¼ erf�1 2Y � 1ð Þ and k ¼ x=

ffiffi
t

p
. By

fitting the plot with a linearity l = hk?k, the impurity

diffusion coefficients on the left and right terminal com-

positions can be obtained by Eq 3a and 3b respectively,

with knowing the linear fit coefficients h1 and k1 for the left

side, and h2 and k2 for the right side of the diffusion

couples,

~D x0ð Þ ¼ 1

4h21
1þ 2k1ffiffiffi

p
p expðl2Þ � Y x0ð Þ

� �
; ðEq 3aÞ

~D x0ð Þ ¼ 1

4h22
1� 2k2ffiffiffi

p
p expðl2Þ 1� Y x0ð Þ½ �

� �
; ðEq 3bÞ

where x0 is the terminal composition.

3 Experimental Results

3.1 Composition Profiles and Diffusion Paths

Figure 2 shows two sets of the representative composition

profiles of the diffusion couples fabricated in this work, i.e.

the ternary couples A5 and A7 at 1273 K (1000 �C) for

48 h and the couples B2 and B9 at 1473 K (1200 �C) for
17 h. It is apparent that the diffusion penetrations of Al and

Zr, in a typical S-shape, approximately range 1.5 and

2.0 mm (see Fig. 2a) at 1273 K (1000 �C), and 2.2 and

2.5 mm (see Fig. 2b) at 1473 K (1200 �C), respectively. It
thus implies that Zr diffuses in the BCC Ti-Al-Zr alloys at
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Fig. 1 Cross-sectional BSE micrograph (a) and composition profiles (b) of diffusion couple A7 at 1273 K for 48 h. The symbols are EPMA

measurements
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a rate faster that Al (i.e. being around 1.8 times), and the

difference between Al and Zr decreases (from 1.8 to 1.2

times) when temperature rises.

Figure 3 maps the diffusion paths of the Ti-Al-Zr tern-

ary couples at 1273 K (1000 �C) and 1473 K (1200 �C) in
the ternary Gibbs’ isotherms. The diffusion paths at both

the temperatures are clearly S-shaped, however, their

appearance differs at the two temperatures. At lower tem-

perature of 1273 K (1000 �C), the ends of majority of the

diffusion paths tend to be parallel to the direction at a

constant Al content, i.e. the Ti-Zr vicinity, concludes Al as

a slower diffuser,[24] while at higher temperature of 1473 K

(1200 �C), the end direction deviates, implying that Zr and

Al tend to diffuse at the comparable rates.

3.2 Diffusion Coefficients

The interdiffusion coefficients extracted at the intersection

compositions of the diffusion paths are summarized in

Table 2 for 1273 K (1000 �C) and Table 4 for 1473 K

(1200 �C).[22,25] Note that the standard deviations were

determined from the independent calculations upon five

ERFEX representation treatments with the EPMA data.

The reliability of the obtained diffusion coefficients was
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Fig. 2 Composition profiles of Ti-Al-Zr couples, (a) A5-A7 at 1273 K for 48 h, (b) B2-B9 at 1473 K for 17 h. The symbols are EPMA data, and
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Table 2 Experiment diffusion

coefficients of BCC Ti-Al-Zr

alloys at 1273 K (1000 �C)

Diffusion couple Composition, at.% Interdiffusion coefficients (10-13 m2 s-1)

Al Zr ~DTi
AlAl

~DTi
AlZr

~DTi
ZrZr

~DTi
ZrAl

A1-A7 0.2 2.8 1.3 ± 0.1 0.02 ± 0.1 3.8 ± 0.1 - 5.3 ± 0.4

A1-A8 0.4 2.2 1.1 ± 0.1 - 0.1 ± 0.1 4.6 ± 0.1 - 1.3 ± 0.2

A2-A7 0.2 2.8 1.3 ± 0.1 0.02 ± 0.1 3.6 ± 0.1 - 4.0 ± 0.4

A2-A8 0.4 2.3 1.2 ± 0.1 - 0.1 ± 0.1 4.6 ± 0.1 - 0.9 ± 0.1

A3-A7 0.8 5.8 1.4 ± 0.1 - 0.03 ± 0.1 3.8 ± 0.1 - 1.7 ± 0.2

A3-A8 1.7 4.0 1.4 ± 0.1 - 0.1 ± 0.1 4.7 ± 0.1 - 0.4 ± 0.1

A4-A7 1.3 7.4 1.4 ± 0.1 0.02 ± 0.1 3.7 ± 0.1 - 0.8 ± 0.1

A4-A8 2.7 5.0 1.5 ± 0.1 - 0.03 ± 0.1 4.2 ± 0.1 0.2 ± 0.1

A4-A9 3.9 3.0 1.6 ± 0.2 - 0.1 ± 0.1 4.2 ± 0.2 1.3 ± 0.2

A5-A7 2.3 10.1 1.8 ± 0.1 - 0.1 ± 0.1 3.6 ± 0.1 - 0.6 ± 0.1

A5-A8 3.8 6.0 1.8 ± 0.1 - 0.1 ± 0.1 4.5 ± 0.1 0.1 ± 0.1

A5-A9 4.6 3.9 1.7 ± 0.1 - 0.1 ± 0.1 5.0 ± 0.1 0.3 ± 0.1

A6-A7 3.2 12.5 1.7 ± 0.1 - 0.1 ± 0.1 3.3 ± 0.1 0.2 ± 0.2

A6-A8 4.5 6.7 1.7 ± 0.1 - 0.1 ± 0.1 3.9 ± 0.1 0.7 ± 0.1

A6-A9 5.0 4.3 1.5 ± 0.1 - 0.03 ± 0.1 4.4 ± 0.1 1.0 ± 0.1

Average 2.3 5.3 1.5 - 0.1 4.1 - 0.8

Table 3 Experiment diffusion

coefficients of BCC Ti-Al-Zr

alloys at 1473 K (1200 �C)

Diffusion couple Composition, at.% Interdiffusion coefficients (10-13 m2 s-1)

Al Zr ~DTi
AlAl

~DTi
AlZr

~DTi
ZrZr

~DTi
ZrAl

B1-B9 0.4 3.2 6.2 ± 0.3 0.3 ± 0.2 16.8 ± 0.2 - 1.6 ± 0.9

B1-B10 0.9 2.6 6.3 ± 0.1 - 0.2 ± 0.1 14.3 ± 0.1 - 2.2 ± 0.1

B1-B11 1.5 1.9 6.3 ± 0.1 - 1.2 ± 0.2 16.7 ± 0.1 - 1.9 ± 0.1

B2-B9 0.5 3.5 6.2 ± 0.2 0.3 ± 0.2 16.6 ± 0.3 - 0.3 ± 0.5

B2-B10 1.2 2.9 6.7 ± 0.1 - 0.2 ± 0.1 14.3 ± 0.2 - 2.1 ± 0.2

B2-B11 2.2 2.4 6.9 ± 0.1 - 1.1 ± 0.1 16.6 ± 0.5 - 1.8 ± 0.3

B3-B9 1.2 5.9 9.0 ± 0.1 0.1 ± 0.1 17.6 ± 0.2 - 0.9 ± 0.5

B3-B10 2.4 4.5 8.7 ± 0.1 - 1.1 ± 0.1 16.3 ± 0.1 - 3.5 ± 0.1

B3-B11 3.5 3.2 8.8 ± 0.1 - 1.9 ± 0.1 18.0 ± 0.2 - 2.7 ± 0.7

B4-B9 2.3 8.8 11.2 ± 0.1 0.5 ± 0.1 16.8 ± 0.1 2.8 ± 0.2

B4-B10 4.1 6.6 10.5 ± 0.1 - 0.9 ± 0.1 16.2 ± 0.2 - 2.1 ± 0.2

B4-B11 5.9 4.7 10.5 ± 0.1 - 1.6 ± 0.1 18.4 ± 0.1 - 1.6 ± 0.1

B5-B9 4.0 13.8 14.4 ± 0.1 0.2 ± 0.1 18.6 ± 0.3 1.4 ± 0.9

B5-B10 7.0 10.1 14.2 ± 0.1 - 1.9 ± 0.1 18.5 ± 0.4 - 3.3 ± 0.4

B5-B11 9.7 6.7 13.2 ± 0.1 - 4.1 ± 0.1 20.2 ± 0.6 - 2.1 ± 0.5

B6-B9 5.9 20.4 19.7 ± 0.1 - 0.1 ± 0.1 20.5 ± 0.3 - 1.7 ± 0.3

B6-B10 10.0 14.6 19.1 ± 0.5 - 3.0 ± 0.3 20.1 ± 0.2 - 4.5 ± 0.3

B6-B11 13.0 9.8 16.1 ± 0.1 - 6.5 ± 0.1 19.8 ± 0.4 - 6.2 ± 0.7

B7-B9 6.4 22.5 19.5 ± 0.3 0.3 ± 0.1 18.3 ± 0.1 8.1 ± 0.4

B7-B10 9.5 13.7 17.0 ± 0.4 - 2.0 ± 0.1 18.3 ± 0.4 - 3.0 ± 1.0

B7-B11 11.4 8.2 16.0 ± 0.1 - 2.5 ± 0.1 18.0 ± 0.1 - 5.2 ± 0.3

B8-B9 7.2 26.1 23.4 ± 0.3 - 0.4 ± 0.1 20.6 ± 0.2 - 2.8 ± 0.5

B8-B10 11.4 17.2 23.2 ± 1.0 - 3.0 ± 0.4 19.2 ± 0.6 - 7.6 ± 1.4

B8-B11 14.1 10.8 14.9 ± 0.1 - 6.5 ± 0.1 18.3 ± 0.7 - 7.8 ± 1.6

Average 5.7 9.3 12.8 - 1.5 17.9 - 2.2
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Table 4 Impurity diffusion

coefficients of Al in Ti-Zr and

Zr in Ti-Al binary Alloys

Temperature Composition Impurity coefficients, m2/s Composition Impurity coefficients, m2/s

1273 K D�
Al Ti�4:4Zrð Þ 1.3 9 10-13 D�

Zr Ti�1:0Alð Þ 3.6 9 10-13

D�
Al Ti�9:9Zrð Þ 1.7 9 10-13 D�

Zr Ti�2:8Alð Þ 3.9 9 10-13

D�
Al Ti�13:5Zrð Þ 1.8 9 10-13 D�

Zr Ti�5:1Alð Þ 4.6 9 10-13

D�
Al Ti�19:9Zrð Þ 1.9 9 10-13 D�

Zr Ti�5:5Alð Þ 5.1 9 10-13

D�
Al Ti�28:2Zrð Þ 1.9 9 10-13

D�
Al Ti�Zrð Þ 1.7 9 10-13

D�
Zr Ti�Alð Þ 4.3 9 10-13

1473 K D�
Al Ti�4:3Zrð Þ 6.8 9 10-13 D�

Zr Ti�2:6Alð Þ 16.1 9 10-13

D�
Al Ti�8:7Zrð Þ 11.5 9 10-13 D�

Zr Ti�5:2Alð Þ 16.3 9 10-13

D�
Al Ti�12:9Zrð Þ 11.9 9 10-13 D�

Zr Ti�8:8Alð Þ 17.2 9 10-13

D�
Al Ti�19:9Zrð Þ 15.7 9 10-13 D�

Zr Ti�14:2Alð Þ 18.5 9 10-13

D�
Al Ti�28:7Zrð Þ 15.9 9 10-13 D�

Zr Ti�19:5Alð Þ 21.5 9 10-13

D�
Al Ti�38:4Zrð Þ 19.9 9 10-13

D�
Al Ti�Zrð Þ 13.6 9 10-13

D�
Zr Ti�Alð Þ 17.9 9 10-13

M
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validated by checking if the thermodynamic constraints

derived by Kirkaldy[26] are satisfied, i.e.

~DTi
AlAl þ ~DTi

ZrZr [ 0; ðEq 4aÞ
~DTi
AlAl

~DTi
ZrZr � ~DTi

AlZr
~DTi
ZrAl � 0; ðEq 4bÞ

ð ~DTi
AlAl þ ~DTi

ZrZrÞ
2 � 4 ~DTi

AlAl
~DTi
ZrZr � ~DTi

AlZr
~DTi
ZrAl

	 

: ðEq 4cÞ

As shown in Tables 2 and 3, the main interdiffusion

coefficients ~DTi
AlAl and

~DTi
ZrZr are much larger than the cross

coefficients ~DTi
AlZr and

~DTi
ZrAl (approximately 8 and 9 times,

respectively). As usual, the cross coefficients exhibit some

scattering, and are believed to have low accuracy because

of the inherent error when solving Fick’s second law to

extract the interdiffusion coefficients. At 1273 K

(1000 �C), ~DTi
AlAl ranges from 1.1 9 10-13 m2/s to

1.8 9 10-13 m2/s with the average value being

1.5 9 10-13 m2/s, whereas the average of ~DTi
ZrZr is

4.1 9 10-13 m2/s, confirming the above-stated finding that

Zr indeed diffuses faster than Al. It is also apparent that

both ~DTi
AlAl and

~DTi
ZrZr have a weak compositional depen-

dence. On contrast, the average value of ~DTi
AlAl is

12.8 9 10-13 m2/s versus 19.8 9 10-13 m2/s of ~DTi
ZrZr at

1473 K (1200 �C), proving that the difference of diffusion

rate between Al and Zr becomes smaller and is no longer

three times. This is largely because ~DTi
AlAl strongly increase

with increasing the Zr content at higher temperature.

The impurity diffusion coefficients of Zr in binary Ti-Al

alloys D�
Zr Ti�Alð Þ and of Al in Ti-Zr alloys D�

Al Ti�Zrð Þ were

extracted from the A1-A6 and B1-B8 couples by general-

ized Hall method, respectively. The values listed in Table 4
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depict that both D�
Al Ti�Zrð Þ and D�

Zr Ti�Alð Þ increase with

increasing the content of Al and Zr, respectively.

4 Discussions

4.1 Composition Dependence of Interdiffusion

Coefficients

The extracted ternary interdiffusion coefficients are plotted

in Fig. 4 for 1273 K (1000 �C) and Fig. 5 for 1473 K

(1200 �C), respectively. As pointed out by Shuck and

Toor,[27] the relation between the limit of the main diffu-

sion coefficient ~D
k

ii in the i-k vicinity and binary interdif-

fusion coefficient ~Dk�i in the i-k binary is

lim
xj!0

~D
k

ii ¼ ~Dk�i; ðEq 5Þ

and between the main diffusion coefficients ~D
k

ii in the j-k

vicinity and the impurity diffusion coefficients ~D
�
i j�kð Þ in

the j-k binary alloy, i.e.,

lim
xi!0

~D
k

ii ¼ D�
i j�kð Þ: ðEq 6Þ

It therefore yields in the Ti-Al-Zr ternary that ~DTi
AlAl is

degenerated to the binary Ti-Al interdiffusion coefficient
~DTi�Al as the Zr content approaches zero and to ~D�

Al Ti�Zrð Þ

as Al goes to zero. Likewise, ~DTi
ZrZr becomes ~DTi�Zr and

~D�
Zr Ti�Alð Þ as Al and Zr approach to zero, respectively.

Concerning the cross coefficients, it yields lim
xi!0

~Dk
ij ¼ 0 as

the content of diffusing element is negligible. By addi-

tionally including the binary diffusion data of
~D Ti�Alð Þ

[12,13,28] and ~D Ti�Zrð Þ
[14] and the present impurity

diffusion coefficients, it allows to map the broader com-

position dependence of the diffusion coefficients. A rough

composition dependence could be thus outlined, for

0 1 2 3 4 5 6
0.5

1.0

1.5

2.0

2.5
A7
A8
A9

Al ( mole %)

D
   

   
   

~
Ti A

lA
l(1

0-1
3 
m

2 /s
)

(a)
0 3 6 9 12 15

0.5

1.0

1.5

2.0

2.5
A7
A8
A9

Zr ( mole %)

D
   

   
   

~
Ti A

lA
l(1

0-1
3 
m

2 /s
)

(b)

0 1 2 3 4 5 6
2

3

4

5

6 A7
A8
A9

Al ( mole %)

D~
Ti Z

rZ
r(1

0-1
3 
m

2 /s
)

(c)
0 3 6 9 12 15

2

3

4

5

6

Zr ( mole %)

A7
A8
A9

D~
Ti Z

rZ
r(1

0-1
3 
m

2 /s
)

(d)

Fig. 6 The variation of ternary interdiffusion coefficients with the compositions at 1273 K. (a) ~DTi
AlAl with Al; (b) ~DTi

AlAl with Zr; (c) ~DTi
ZrZr with

Al; (d) ~DTi
ZrZr with Zr

J. Phase Equilib. Diffus. (2019) 40:686–696 693

123



specific, at 1273 K (1000 �C), the dependence of all four

interdiffusion coefficients on the Al and Zr contents is

weak and ambiguous. As for 1473 K (1200 �C), while the

dependence of ~DTi
ZrZr on the Al and Zr contents remains

weak, ~DTi
AlAl has strong dependence on the Zr content, i.e.

significantly increases with adding Zr.

The compositional dependence of all the interdiffusion

coefficients could be quantified by illustrating the variation

of the main interdiffusion coefficients ~DTi
AlAl and

~DTi
ZrZr with

the compositions of Al and Zr at 1273 K (1000 �C) and

1473 K (1200 �C) in Fig. 6 and 7. It now becomes clearly

that ~DTi
AlAl increases with increasing the content of either Al

or Zr, and the increase appears more considerably at the

higher temperature. However, ~DTi
ZrZr was noticed to

decrease with the increase of Al and Zr contents at 1273 K

(1000 �C) while presents an increasing trend at 1473 K

(1200 �C). These distinct variations of the main interdif-

fusion coefficients with respect to compositions are con-

sistent with the interdiffusion in the BCC Ti-Zr[14] and Ti-

Mn binary alloys,[19] which are very likely due to the

thermodynamic contribution (via thermodynamic factor)

varying with the composition in the ternary system to the

interdiffusion coefficients.

4.2 Temperature Dependence of Inter-

and Impurity Diffusion Coefficients

By comparing the average values of the main inter- and

impurity diffusion coefficients, it yields

~DTi
AlAl=

~DTi
ZrZr 1273Kð Þ ¼ 0:37, ~DTi

AlAl=
~DTi
ZrZr 1473Kð Þ ¼ 0:71,

~D�
ZrðTi�AlÞ=

~D�
AlðTi�ZrÞ 1273Kð Þ ¼ 0:37;

~D�
ZrðTi�AlÞ

~D�
AlðTi�ZrÞ 1473Kð Þ

¼ 0:66.

In addition, the average values of diffusion coefficients at

1273 K (1000 �C) and 1473 K (1200 �C) were also com-

pared as follows, ~DTi
AlAl 1473Kð Þ= ~DTi

AlAL 1273Kð Þ ¼ 8:50;

~DTi
ZrZr 1473Kð Þ= ~DTi

ZrZr 1273Kð Þ ¼ 4:36; D�
Al Ti�Zrð Þ 1473Kð Þ=

D�
Al Ti�Zrð Þ 1273Kð Þ ¼ 7:06; D�

Zr Ti�Alð Þ 1473Kð Þ=DZrð
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Fig. 7 The variation of ternary interdiffusion coefficients with the compositions at 1473 K. (a) ~DTi
AlAl with Al; (b) ~DTi

AlAl with Zr; (c) ~DTi
ZrZr with

Al; (d) ~DTi
ZrZr with Zr
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Ti� AlÞ� 1273Kð Þ ¼ 4:02: The findings obviously clarify

that the temperature dependence is noticeable.

4.3 Ti-Al-X Ternaries

A systematic comparison of the average main interdiffu-

sion coefficients at 1473 K (1200 �C) in ten Ti-Al-X

(Ni,[29] Co,[30] Fe,[31] Mn,[19] Zr, Cr,[32] Sn,[18] V,[33]

Nb,[27] Mo[24]) ternary systems is presented in Table 5. The

diffusion rate of Zr is one order of magnitude smaller than

the fast diffusers (i.e. Ni, Co, and Fe) and is one order

magnitude greater than the refractory metals (i.e. V, Nb,

and Mo). It reveals that the order of the average main

interdiffusion coefficient ~DTi
XX could be expressed as DNi-

[DCo[DFe[DMn[DZr[DCr[DSn[DV[DNb-

[DMo, thus the Zr diffusion is comparable to that of Cr.

Previous reports demonstrated that the diffusion of Ni, Co,

and Fe in BCC Ti alloys is of the interstitial nature or by a

mixed vacancy-interstitial mechanism[18,31,34]). The Zr

diffusion in the Ti-Al-X ternary should thus occur via a

normal vacancy mechanism like Cr, Sn, V, Nb, and Mo,

however, the Al diffusion is significantly promoted by the

presence of Zr.

5 Conclusions

In brief, diffusion behavior in BCC Ti-Al-Zr ternary alloys

was investigated at 1273 K (1000 �C) and 1473 K

(1200 �C) by using the solid-state diffusion couple tech-

nique. The ternary inter- and impurity diffusion coefficients

were extracted by the Whittle-Green and generalized Hall

methods, respectively. The results are summarized as

follows:

1. ~DTi
AlAl increases with increasing the content of either Al

or Zr, and the increase is appearing more considerably

at the higher temperature. However, ~DTi
ZrZr was noticed

to decrease with the increase of Al and Zr contents at

1273 K (1000 �C) while there is an upward trend at

1473 K (1200 �C). Due to the relatively large scatter-

ing, the composition dependence of the cross interdif-

fusion coefficients is ambiguous.

2. The impurity diffusion coefficients D�
Al Ti�Zrð Þ and

D�
Zr Ti�Alð Þ increase with increasing the content of

alloying element at both 1273 K (1000 �C) and

1473 K (1200 �C).
3. A complete comparison of ten Ti-Al-X (Ni, Co, Fe,

Mn, Zr, Cr, Sn, V, Nb, and Mo) ternary systems was

made with the average main interdiffusion coefficient

~DTi
XX. It exhibits DNi[DCo[DFe[DMn[DZr[

DCr[DSn[DV[DNb[DMo, and the Zr diffusion

is most comparable to Cr, suggesting it is a vacancy-

controlled mechanism.
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